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ABSTRACT 

Cold flow tests were conducted on a four-nozzle gas 
eductor system to evaluate the feasibility of reducing mixing 
stack lengths by the application of angled primary flow noz- 
zles. Three short mixing stacks with length to diameter 
ratios of 1.75, 1.5, and 1.25 were tested using a set of 
Straight nozzles and a series of angled nozzles having tilt 
angles of 10, 15, 20, and 22.5 degrees. The nozzles were 
constructed with an area of primary flow to area of mixing 
stack ratio of 2.5. Pumping coefficients, mixing stack pres- 
Sure distributions, flow changes, exit velocity profiles, 
and back pressures were used to evaluate the various mixing 
stack length and angled nozzle combinations. A preferred 
combination was obtained, which, when compared with a longer 
mixing stack with a length to diameter ratio of 2.5 using 
straight nozzles, showed equal pumping coefficients and com- 
parable mixing stack pressure distributions while actually 
improving the mixing. Back pressure increases for the pre- 
ferred combination of short mixing stack and angled nozzles 
were Slightly greater than for the longer mixing stack with 


Straight nozzles. 
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im —<NPRODUCTION 


Gas turbine applications in marine propulsion and in 
auxlllary systems have increased dramatically over the last 
decade. Their high horsepower to specific weight, increasingly 
competitive specific fuel consumption, and lower watchstander 
and maintenance requirements have made them extremely attrac- 
tive for advanced marine designs such as hydrofoil, planing 
hulls, SWATH, and SES craft as well as more conventional mono- 
hull vessels. Consequently, special considerations must be 
given to the applications of gas turbines due to their parti- 


cualr air breathing and exhausting characteristics. 


Pewee NATURE OF THE PROBLEM 

Gas turbines require large amounts of cooling air in 
addition to the quantity needed for combustion, therefore 
air-fuel ratios are generally three to five times those of 
conventional steam and diesel power plants of comparable 
size. The exhaust gases are also roughly twice as hot as for 
these conventional power plants. In general, gas turbine 
power plants produce considerably larger volumes of higher 
temperature exhaust or stack gases. These exhaust gases con- 
tribute to greater thermal and corrosive damage in the elec~ 
trical equipment located on masts near the exhaust stream, 
hot gas corrosion of masts and superstructures in the hot 


Mee wake, possible aircraft control problems for helicopter 
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operation in or near the exhaist Stream, and a significantly 
greater infrared radiation signature due to both the high 
volumetric and temperature exhaust plumes as well as the 


hotter external surfaces on the exhaust stacks. 


Eee OoSLBLE SOLUTIONS 

The volume and temperatures of exhaust gases are fairly 
well fixed by gas turbine size, power loading, and current 
gas turbine technology; consequently, other means must be 
employed to counter the problems associated with gas turbine 
Systems. 

Waste heat boilers or heat exchangers do reduce the exhaust 
gas temperatures and offer increased economy by recovering 
thermal energy which would otherwise be lost to the atmosphere 
Unfortunately, such systems require considerable space and 
tend to generate back pressures which lower gas turbine per- 
formance. Fouling 1s also an ever present problem. Waste 
heat boilers have been tried on auxiliary power systems with 
limited success and research is still underway in this area. 

Water injection systems are another possible solution. 
They are active systems which require moving parts, injection 
metering and control equipment, and large amounts of water, 
Costs and maintenance thus become problems. 

One of the most promising systems for combatting the over- 
all problem is the gas eductor. By using properly dimensioned 
primary flow nozzles for the exhaust gases and mixing stacks, 


secondary or ambient air is induced. The turbulent mixing 
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reduces the overall exhaust temperatures, back pressures are 
minimized when compared with other systems, and resultant 
negative pressures along the mixing stack walls can be utilized 
to further induce a tertiary ambient cooling flow through ports 
in the mixing stack. If the mixing stack is then shrouded, 
this tertiary flow creates a film cooled outer stack while 
adding additional thermal mixing of the exhaust gases. The 
Straight, unshrouded mixing stack system is presently in opera- 
tion on several naval vessels. An additional positive feature 
of gas eductor systems is that they can be used in conjunction 
with either of the other two possible solutions with minor 


modifications. 


C. GAS EDUCTOR RESEARCH AT THE NAVAL POSTGRADUATE SCHOOL 

This thesis is a further extension of research conducted 
vert lin [ Reg. i], Moss | Ree. Da Lemke and Staehli [ Ref. 3 |, 
Shaw [ Ref. a|, and Ryan [ Ref. 5 | on EMemCOUud flow eaucror 
model testing facility. Hill's research [ Ref. a on the hot 
flow eductor model testing facility should also be mentioned 
as it verified that cold flow modeling procedures correlated 
extremely well with actual hot flow data on geometrically 
Semmlar eductor configurations. This correlation allows 
utilization of the more time and cost effective cold flow 
facility to develop optimum designs anc configurations which 
can then be verified with actual hot flow testing. 

Ellin initiated the early work by constructing an eductor 


model testing facility consisting of an uptake, centrifugal 
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compressor, primary flow nozzle section, mixing stack, and a 
means to control and measure the primary and Secondary air 
Flows. See Figures 1 and 2 for the general test model layout. 
The primary air flow in the test facility represents the gas 
turbine's hot exhaust gases. The secondary air flow is ambient 
air induced into the mixing stack by the primary air flow and 
Sieemeauctor concept. From Ellin's study of multiple vice 
Single nozzle flow systems, it was determined that four pri- 
mary flow nozzles were preferable to either three or five noz- 
zle systems. Ellin also determined that the nozzle length had 
little if any effect on the overall performance of the gas 
eductor system. He then verified the independence of the one- 
dimensional gas eductor modelling correlation parameters used 
on the flow rate or Mach number. His research showed that 
one-dimensional analysis provided good correlation of data 
for Mach numbers from 50 to 145 percent of the design Mach 
number of 0.064. 

Moss's research initially consisted of reverification 
of the one-dimensional analysis. Moss then explored the effects 
of the stand-off distance, which is the distance from the 
primary nozzle exit plane to the entrance plane on the mixing 
Stack. For non-dimensional analysis, the stand-off distance 
is divided by the mixing stack diameter to give the S/D ratio. 
Moss determined that eductor pumping was maximized when the 
stand-off distance was one-half the mixing stack diameter 


(S/D = 0.5). An independent investigation conducted by 
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Harrell [Ref. 7] confirmed Moss's results. Moss then explored 
the effects of adding a conical transition piece to the entrance 
of the mixing stack to enhance eductor pumping. Experiments 
showed that the entrance transition piece actually slightly 
degraded overall performance. 

Lemke and Staehli investigated overall eductor system's 
performance for different geometric configurations of the 
mixing stack and for different area ratios of the primary noz- 
zles. The area ratio for nozzles is defined as the cross 
sectional area of the mixing stack divided by the total cross 
sectional area of the primary nozzles. Their work showed that 
decreasing the nozzle area ratio from 3.0 to 2.5 decreased 
the back pressures but also decreased the eductor's pumping 
coefficient. Lemke and Staehli then investigated the effects 
of adding a solid diffusor, a two ring diffusor, and a three- 
mimawattfusor to the exit region of the mixing stack. These 
tests showed a decrease in uptake back pressure and an improve- 
ment in the eductor's pumping capacity. They then added slot- 
ted ports to the mixing stack to induce tertiary air. Their 
results showed significant air flow occurred through the ports. 
A shroud was then added, and tests showed that the shroud did 
mot degrade either the pumping or mixing characteristics of 
the eductor but that it did provide an effective thermal shield 
around the mixing stack. Their final configuration was a 
eGeed mixing stack with a shroud and ring diffusors at the 


exit. The 3.0 area ratio nozzles and a standoff ratio of 0.5 
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were used in several of their investigations with mixing 
Stack length to diameter ratios of 2.5 and 3.0. 

The object of this thesis is directed toward reducing the 
length of the mixing stack by investigating the effects of 
angled primary flow nozzles on a four-nozzle gas eductor 
system. The results Of investigations by Moss and Lemke and 
Staehli on the longer L/D ratios of 3.0 and 2.5 thus Serve as 
a data base for comparing the effects of both straight and 
angled primary flow nozzles on the shorter mixing stack L/D 


metewos Of 1.75, 1.5, and 1.25 used in this investigation. 


D. EVALUATION OF GAS EDUCTOR SYSTEM PERFORMANCE 

Evaluation of the gas eductor system performance is 
measured in the following areas: the amount of Secondary air 
Flow induced by the primary air flow; the amount of tertiary 
air flow induced; the degree of mixing of the primary and 
induced flows within the mixing stack; the amount of uptake 
back pressure impressed upon the gas turbine exhaust by the 
eductor system; and the amount of wall cooling air available 
to reduce the exterior stack temperatures. BecauSe oz the 
angled primary flow nozzles, several new parameters were 
defined to assist in evluating the gas eductor system's per- 
formance. The new parameters include the primary nozzle tilt 
angle, primary nozzle rotation angle, and the nozzle base 
plate rotation angle. These parameters will be discussed in 


further sections of this report. 
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II. MAJOR DIMENSIONLESS PARAMETERS 


This investigation is an extension of earlier work con- 
ducted by Ellin, Moss, and Lemke and Staehli [Ref. ees || 
and utilizes the same one-dimensional analysis technique to 
model the gas eductor system. The more detailed analysis is 
given in Appendix A. In conducting this analysis, four major 
dimensionless parameters are used. The first three are used 
to evaluate the eductor's pumping performance, and the last 
1s used to evaluate the static pressure diStribution along 
the length of the mixing stack. The four major dimensionless 


Moemeacemers are: 














Pa” Pos 
pe Rs 
ue a pressure coefficient which compares 
the pumped head, (ee = ee ie 
. the driving head, us/2g_, of the 
primary flow 
W 
we = = a flow rate ratio of secondary to 
Pp primary mass flow rates 
al 
_ = = an absolute temperature ratio of sec- 
To ondary to primary alr temperatures 
PMS. 
PMS* = he a pressure coefficient which compares 
U the pumped head, PMS/€,, to the driving 
P 
25. head, Us/ 2961 where PMS is the static 


pressure along the mixing stack. 
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IIT. EXPERIMENTAL CORRELATION 


For the geometries and flow rates investigated, it was 
confirmed by Ellin and Moss [ Ref. 1 and 2 | that a satisfactory 


correlation of the variables P*, T*, and W* takes the form 





= = (WAT #D) (1) 


where the exponent 'n' was determined to be equal to 0.44. 
The details of the determination of n = 0.44 as the correla- 
ting exponent for the geometric parameters of the gas eductor 
model being tested is given in Reference ole To obtain a 
gas eductor model's pumping characteristic curve, the experi- 
mental data is correlated and analyzed by using equation (1), 
that is, P*/T* is plotted as a function of wepr9-44. 0 this 
correlation is used to predict the open-to-the-environment 
operating point forthe gas eductor model. Variations in the 
model's geometry will change the pumping ability, which can 
be evalated by the plot of equation (1). For ease of dis- 
cussion, w*T*9-44 will be referred to as the pumping coeffi- 
rent in this report. Similarly, wreepp*9>44 Wi11 be referred 


femas the film cooling or tertlary pumping coefficient. 
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hie O le Le GhOME ET RIES 


The four-nozzle gas eductor system investigated in this 
-report made use of a single primary flow uptake, a Single 
cluster of four primary flow angled nozzles held in a rota- 
table base plate, and a Straight, unshrouded, unported mixing 


meg@emewithout diffusor rings at the mixing stack exit. 


A. MIXING STACK CONFIGURATION AND GEOMETRIES 

The primary thrust of this research was to study the 
effects of angled nozzles on the performance of shorter mixing 
Stacks. Three short mixing Stacks were manufactured from 
nominally 12 inch OD and 11.7 inch ID PVC agriculture water 
irrigation pipe. The mixing stacks were constructed with 
Meemereti1os of 1.75, 1.5, and 1.25. The L/D ratio of 1.75 was 
chosen as a Starting point Since baseline data was available 
for the primary nozzle area ratio of 2.5 from Lemke and Staehlis 
research [Ref. 3]. Their major research was concerned with 
Menger mixing stacks with L/D ratios of 2.5 and 3.0, which 
could also be used to compare with the shorter mixing stacks. 
Pressure taps were installed in the shorter mixing stacks at 
0.25 X/D increments (2.93 inch spacing) to provide more data 
points for evaluating the mixing stack pressure distribution. 
0.5 X/D spacing had been used on the longer mixing stacks. 


The dimsnsions for the three mixing stacks are provided in 
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Figure 6,and pictures of the mixing stack can be found in 


Figures 8 and 9. 


B. ANGLED PRIMARY FLOW NOZZLE CONFIGURATION AND GEOMETRIES 

The angled nozzle concept was chosen as the Starting point 
for reducing the overall length of the mixing stacks by enhanc- 
ing the mixing process. The nozzles were to have a constant 
cross section while having the ability to be inclined and 
rotated about a centerline axis. Several new parameters were 
defined for designing, manufacturing, and measuring the angled 
nozzles. The first parameter is the nozzle tilt angle, 9, 
which is the cant angle measured from the centerline of a 
Straight nozzle to the centerline of an angled nozzle. The 
nozzle rotation angle, $, is the angle that the nozzle is 
rotated inward toward the mixing stack centerline from a per- 
pendicular to a radial line from the base plate center to 
the center of the nozzle. It is difficult to picture these 
definitions, and Figures 10 and 13 provide a clearer visuali- 
zation for the nozzle configurations. 

Several concepts were explored while attempting to design 
an easily manufactured and measurable angled nozzle. The 
most practical solution was to take a Section of straight 
plping, cut it in two sections on a line mitered one half of 
the overall tilt angle desired, rotating the two sections 
180 degrees, and then joining them together for the final tilt 
angle. The nozzles used in actual testing were manufactured 


from clear, cast acrylic pipe with a nominal 4.0 inch OD and 
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eeoeo) inch ID which had to be machined to 3.7 inches ID to 
give a nozzle arearatio of 2.5 for the four nozzles in each 
group. The nozzles were also machined 0.5 inches up from the 
base to properly mate with the recesses in the nozzle base 
plate. The edges where the two nozzle sections were joined 
were faired in to reduce abrupt flow direction changes both 
inside and outside the individual nozzles. Four nozzles for 
each configuration were constructed for nozzle tilt angles of 
10 degrees, 15 degrees, 20 degrees, and 22.5 degrees as well 
as a set of straight nozzles for baseline data and mixing 
Stack alignment purposes. The angled nozzles were dimensioned 
so that the intersection of their centerline and exit plane 
corresponded with the length of the straight nozzles used by 
Ellin, Moss, and Lemke and Staehli, thus establishing a com- 
mon measurement for the standoff distance. This allowed align- 
ment of the nozzles and mixing stack and setting the S/D ratio 
with the straight nozzles and not having to completely realign 
the system everytime the angled nozzles were changed. The 
nozzles and base plate were constructed of similar material 
with tight tolerances where they mated together. Thermal 
expansion was essentially equal for both components, and the 
Friction provided was sufficient for holding the nozzles in 
place while allowing rotation angle changes. This feature 
allowed deletion of O-rings for seals and some form of mechani- 
cal locking device. The angled nozzle geometries are given 

in Figure 10, and photographs of the nozzles are found in 


Peogures 11, 12, and 16. 
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C. NOZZLE BASE PLATE CONFIGURATION AND GEOMETRIES 

The nozzle base plate was constructed from acrylic plexi- 
glass flat stock. Four recess holes were machined to accept 
the nozzles, and they were in turn machined to a 0.5 inch 
radius on the underSide to present a smooth flow entrance 
region for the nozzles. The outer edge of the base plate was 
machined so that the whole base plate fit inside a matching 
aluminum base ring. The construction was such that the base 
plate could be rotated within the ring, primary flow pressure 
kept the two concentric surfaces mated which eliminated seals, 
and the base plate could not be ejected from the uptake by 
the considerable dynamic pressures associated with the high 
velocity primary air flow. Four symetrically located locking 
cams allowed the base plate and installed nozzles to be locked 
in place. This was required for alignment procedures and 
prevent rotation during initial Start-up. Once the system was 
warmed up to operating conditions, the difference between 
thermal expansion factors for the ring and base plate allowed 
Sufficient expansion to make the use of the locking cams unnec- 
cessary. In fact, rotation of the base plate could be diffi- 
cult when the system was fully warmed up, and a dry teflon 
lubricant was used to help overcome this problem. 

A third new parameter was need for the base plate's 
ability to be rotated. The base plate rotation angle, ¥, is 
hereby defined as the angle of base plate rotation measured 


from the 90 degree point on the uptake transition piece as 
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depicted in Figure 13. This parameter serves to give a 

general indication of the flow directions within the mixing 
stack due to the angled nozzles. The base plate's geometry 
and dimensions are given in Figure 14, and photographs can 


be seen in Figures 15 and 16. 
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Vee EOPEREMENTAR PACT LITY 


Air is supplied to the primary nozzles by means of a 
centrifugal compressor and associated ducting schematically 
illustrated in Figure 1. The mixing stack configuration 
being tested 1S placed inside an air plenum containing an 
alrtight partition so that two separate air flows, secondary 
and tertiary, may be measured. The air plenem facilitates 
the accurate measurement of secondary and tertiary air flows 


by using ASME long radius flow nozzles. 


Pee eR LMARY ALR SYSTEM 

The circled numbers found in this section refer to loca- 
tions on Figure 1. The primary air ducting is constructed 
of l6-gage steel with 0.635 cm (0.25 in) thick steel flanges. 
The ducting sections were assembled using 0.635 cm (0.25 in) 
bolts with air drying silicone rubber seals between the 
Flanges of adjacent Sections. Entrance to the inlet ducting 
GQ) 1s from the exterior of the building through a 91.44 cm 
(3.0 ft) square to a 30.48 cm (1.0 ft) Square reducer, each 
Side of which has the curvature of a quarter ellipse. A 
transition section (@) then changes the 30.48 cm (1.0 ft) 
Square section to a 35.31 cm (13.90 in) diameter circular 
section G) ——eTisS "oimciliaresection runs approximately 


meee m (30 ft) to the centrifugal compressor inlet. 
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A standard ASME square edged orifice (4) 1s located 15 
diameters downstream of the entrance reducer and 11 diameters 
upstream of the centrifugal compressor inlet, thus insuring 
stability of flow at both the orifice and compressor inlet. 
Piezometer rings (5) are located one diameter upstream and 
one-half diameter downstream of the orifice. The duct sec- 
tion also contains a thermocouple just downstream of the ori- 
fice. Primary flow is measured by means of the standard ASME 
Square edged orifice designed to the specifications given in 
the ASME power test code [ Ref. 3]. ie mel CS o meme .219.02 aan) 
diameter orifice used was constructed out of 304 stainless 
steel 0.635 cm (0.25 in) thick. The inside diameter of the 
Smemrat the orifice is 35.31 cm (13.90 in) which yields a 
beta (8 = G/D) of 0.497. The orifice diameter was chosen to 
give the best performance in regard to pressure drop and pres- 
Sure loss across the orifice for the primary air flow rate 
used (1.71 Kg/sec (3.77 lbm/sec)). 

The centrifugal compressor @) used to provide primary 
alr to the system is a Spencer Turbo Compressor, catalogue 
number 25100-H, rated at 6000 cfm at 2.5 psi back pressure. 
The compressor is driven by a three phase, 440 volt, 100 
horsepower motor. 

A manually operated sliding plate variable orifice (6) 
Was designed to constrict the flow symmetrically and facili- 
tate fine control of the primary air flow. During operation, 


the butterfly valve , Located at the compressor's 
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discharge, provided adequate regulation of primary air flow, 
eliminating the necessity of using the sliding plate valVe. 
The sliding plate valve was positioned in the wide-open 
position for all data runs. 

On the compressor discharge side, immediately downstream 
of the butterfly valve, is a round to square transition (9) 
followed by a 90 degree elbow and a straight section 
eet (1) eo Guecting= tO tCHIS DOINt is cGonsidered part of 
the fixed primary air supply system. A transition section 

Q2 1s fitted to this last square section which reduces 

m@emcauct Cross section to a circular section 29.72 cm (11.17 in) 
in diameter. This circular ducting tapers down to a diameter 
@eeeo. 50 cm (11.5 in) to provide the primary air inlet to the 
eductor system being tested. The transition is located far 
enough upstream of the model to insure that the flow reaching 


the model is fully developed. 


B. SECONDARY AIR PLENUM 

The secondary air plenum, shown in Figures 1, 2, and 3, 
1s constructed of 1.905 cm (0.75 in) plywood and measures 
Semen oy 1.22 m by 1.88 m (4. ft by 4 ft by 6.17 ft). It 
serves aS an enclosure that can contain all or only part of 
the eductor model and still allow the exit plane of the mixing 
stack to protrude. The purpose of the secondary air plenum is 
to serve as a boundary through which secondary air for the 


eductor system must flow. Long radius ASME flow nozzles, 
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designed in accordance with ASME power test codes [Ref. ca 
and constructed of fiberglass, penetrate the secondary air 
plenum, thereby providing the sole means for metering the 
secondary air reaching the eductor as shown in Figures l 
through 4. Appendix D of reference [1] outlines the design 
and construction of the secondary air flow nozzles. By meas- 
uring the temperature of the air entering and the pressure 
differential across the ASME flow nozzles, the mass flow rate 
of secondary air can be determined. Flexibility is provided 
in measurement of the mass flow rate of secondary air by 
employing flow nozzles with three different throat diameters: 
Seren (8 in), 10.16 cm (4.in), and 5.08 cm (2 in). By 
using a combination of flow nozzles, a wide variety of second- 
ary cross sectional areas can be obtained. 

A secondary air flow straightener, shown in Figures l, 2, 
and 4, consisting of a double screen 1s installed 1.22 m (4 ft) 
from the open end of the secondary air plenum, between the 
ASME long radius nozzles and the primary air flow nozzles. 

The purpose of the straightener is to reduce any swirl effect 
that could result when only a small Secondary air flow area 


exists. 


See LERTIARY ATR PLENUM 

The tertiary air plenum, shown in Figures l, 2, 8 and 9, 
1s constructed of 1.90 cm (0.75 in) plywood and measure 1.22 m 
Beet. 22 m by 1.22 m (4 ft by 4 ft by 4 ft). It serves as an 


enclosure that completely surrounds the mixing stack and allows 
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the exit and entrance regions to protrude. An airtight rubber 
diaphragm type seal, schematically illustrated in Figure 2, 
is located at each end of the enclosure. This allows measure- 
ment of a tertiary air flow independent of the secondary air 
flow. Tertiary air flow is measured with the use of long 
radius ASME flow nozzles designed in accordance with ASME 
test codes [ Ref. 8 | and constructed of fiberglass. These 
nozzles are located so that they penetrate the airtight ter- 
tlary air plenum, thereby providing the sole means for metering 
the tertiary air reaching the eductor. By measuring the temp- 
erature of the air entering and the pressure differential 
across the ASME flow nozzles, the mass flow rate of tertiary 
alr can easily be obtained. Flexibility in measuring the ter- 
tlary flow is provided by employing different size flow nozzles: 
two of 20.32 cm (8 in) throat diameter, three of 10.16 cm 
(4 in) throat diameter, and two of 5.08 cm (2 in) throat dia- 
meter. By uSing various combinations of these flow nozzles, 
a wide variety of tertiary cross section flow areas can be 
obtained. 

The interior of the tertiary air plenum is pictured in 
Figures 8 and 9. The stand which holds the mixing stack can 


be seen mounted inside the plenum. 


D. ALIGNMENT 
The alignment of the mixing stack with the primary air 
flow nozzles is accomplished by using two round alignment 


plugs, a nozzle alignment plate, and a 0.75 inch OD steel 
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alignment bar. The two circular alignment plugs are inserted 
into opposite ends of the mixing stack, and the nozzle align- 
ment plate is then carefully inserted over the straight noz- 
zles. The steel alignment bar 1s then inserted through the 
centerline holes in the alignment plugs and brought up to the 
centerline hole in the nozzle alignment plate. The three axis 
mounting stand, pictured in Figure 8, is adjusted until the 
alignment bar can be fully inserted into the nozzle alignment 


plate and recess in the nozzle base plate without difficulty. 


E. INSTRUMENTATION 

Pressure taps for measuring gage pressures are located 
inside the primary air uptakes just prior to the primary noz- 
zles, inside the secondary air plenum, inside the tertiary 
air plenum, and at various points on the model. A variety of 
manometers, pictured in Figure 18, were used to indicate the 
pressure differentials. A schematic representation of the 
pressure measuring instrumentation is illustrated in Figures 
17 and 19. Monitoring of each of the various pressures was 
Facilitated by the use of a scanivalve and a multiple valve 
manifold. The scanivalve was used to select the pressure tap 
to be read, while the multiple value manifold allowed selec- 
tion of the optimum manometer for the pressure being recorded. 
A vent was included in the multiple valve manifold which pro- 
vided a means of venting the manometers between pressure 
readings. When taking readings of the pressure distribution 


inthe Mixing stack, it was necessary to manually change the 
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tubing from one end of the manometer to the other in order to 
get the positive pressure readings. The valve manifold pro- 
vided a selection of a 15.24 cm (6.0 in) inclined water mano- 
meter, a 5.08 cm (2.0 in) inclined water manometer, and a 
1.27 cm (0.5 in) inclined oil manometer (specific gravity 
0.827). In addition, the following dedicated manometers were 
used in the system: a 50.80 cm (20 in) single column water 
manometer connected to the primary air flow just prior to the 
primary nozzles, a 1.27 cm (50 in) U-tube water manometer 
with each leg connected to a plezometric ring on either side 
Memche Orifice plate in the air inlet duct, and a 2.55 cm 
(1.0 in) inclined water manometer connected to the upstream 
meezometric ring. 

Primary air temperatures, measured at the orifice outlet 
and just prior to the primary nozzles, are measured with copper- 
constantan thermocouples. The thermocouples are in assemblies 
manufactured by Honeywell under the trade name Megapak. Poly- 
vinyl covered 20 gage copper-constantan extension wire is 
used to connect the thermocouples to an Omega Digital Ther- 
mometer, Model Number 2176A, which provided a digital display 
of the meaSured temperatures in degrees Fahrenheit or Centi- 
grade. Due to the longer data runs involved with this thesis, 
another thermocouple was added to measure the secondary/ 
tertiary ambient air temperature to provide more timely data. 
The mercury-glass thermometer was retained for comparison 


purposes. 
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Velocity traverse profiles at the mixing stack exit plane 
are obtained by using a pitot tube mounted in a revised velo- 
city traverse bar. The entire assembly was rebuilt to provide 
increased stability and support for the pitot tube which had 
to reach up to 30 inches into the tertiary plenum to record 
velocity profiles on the short, L/D = 1.25 mixing stack. The 
tram bar was also equipped with a new distance measuring sys- 
tem to increase accuracy and lower data acquisition time. The 
pitot tube is used in conjunction with the 50.80 cm (20 in) 
Single column water manometer vice the 6.0 inch inclined 
water manometer, mainly due to the higher pressures involved 
with the shorter mixing stacks and the greater pressure fluc- 
tuations. Threaded studs were used to locate the velocity 
traverse bar and pitot tube assembly for both the horizontal 
and diagonal velocity profiles. Four nuts kept the system in 
place and provided rapid changeover from one profile to the 


other. The assembly can be seen in Figure 8. 
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ieee hen AL METHOD 


Evaluation of the eductor model requires the experimental 
determination of pressure differentials across the ASME long 
radius flow nozzles, temperatures of primary and induced air 
flows, internal mixing stack pressure distributions, and mix- 
ing stack exit velocity profiles from pitot tube pressure 
readings. In addition, base plate rotation angles are used to 
get a general understanding of the flow patterns within the 
Mixing stack. These experimentally determined quantities are 
then reduced with the aid of a computer to obain pumping 
coefficients, induced air flow rates, pressure distributions 
and flow distributions in the mixing stack, and mixing stack 
velocity profiles at the exit plane of the miXing stack. The 
performance characteristics of the eductor due to the different 
nozzle geometric configurations are then evaluated graphically 
by use of computer generated plots. The plots also help to 
determine the model's relative effectiveness and problem 
areas which may not be apparent when reviewing raw and processed 
data. 

The following sections address the individual performance 
criteria used to evaluate the eductor and nozzle combinations. 
Circled numbers refer to regions located on the representative 


plots used in the evaluation process. 
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Pee OMPING COEFFICIENT 

The secondary pumping coefficient and the tertiary pump- 
ing coefficients provied a basis for analyzing the eductor's 
pumping capability. Nozzle combination changes alter the 
eductor's pumping performance, and the pumping coefficient 
is one of the major criteria for comparing various nozzles 
as well as any changes to the mixing stack such as shrouding, 
Mertang, diffusor rings, L/D ratios, and S/D ratios. The 
pumping coefficient(s) for the model should correspond to the 
coefficients for the shipboard gas eductor system. At the 
operating point, the eductor 1S exposed to no restrictions 
in the secondary or tertiary alr flows. In the model, this 
is Simulated by completely opening the air plenums to the 
environment. Unfortunately, at this condition, the secondary 
and/or tertiary air flow rates can not be measured. The 
eductor model's characteristics must then be established by 
extrapolating the measured pumping coefficients to the desired 
Operating point. 

The data for this eXtrapolation is established by varying 
the associated induced air flow rate, either secondary or 
tertiary, from zero to its maximum measurable rate. These 
rates are determined by sequentially opening the ASME flow 
nozzles mounted in the appropriate Plenum and recording the 
pressure drop across the nozzles. Values for nozzle cross- 
Section areas, pressure drops, induced flow air temperatures, 


and barometric pressures are then used to calculate the 
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dimensionless parameters P*/T* and warps? 44 as described in 


Appendix A. The dimensionless parameters are then plotted 

as illustrated in Figure 20. The data point (2) corresponds 
to closing all ASME flow nozzles. Data points in region a 
corresponds to opening most of the ASME flow nozzles and the 
final data point corresponds to opening all flow nozzles, 
plenum doors, or other plenum penetrations available. Early 
data runs attempted to gain more accuracy in this region by 
taking more data. Unfortunately, the pressure drop across 

the nozzles is so critical in this region that any error or 
fluctuations causes considerable data scatter. Such points 
were deleted from the finished plots contained in this thesis. 
In theory, there should be no pressure inside the plenum at 
the operating point except for ambient pressure. In reality 
there 1s always some small negative presSure present. The 
data points in region G) provide the most consistent and 
accurate data. Extrapolation of the pumping characteristics 
Curve to intersect the zero P*/T* or PT*/TT* abscissa locates 
the appropriate operating point for the eductor model 


Senciguration. 


Pee LNDUCED AIR FLOWS 

Secondary and tertlary air flows are induced flows. In 
this thesis, only the secondary air flow was of concern 
although both flows were written into the documentation and 


computer programs. 
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The secondary air flow is the amount of air induced by the 
primary nozzles which is mixed within the mixing stack with 


primary air to reducethe exhaust gas temperature. 


See eRaooURE DISTRIBUTION IN THE MIXING STACK 

The axial pressure distribution in the mixing stack is 
obtained by taking static pressure reading from pressure taps 
attached to the stack in two rows. In the cold flow test 
mayemleity, the mixing stack is located horizontally in the ter- 
tiary plenum. The first row is located on the top of the 
mixing stack, and the second row 1s offset 45 degrees from 
the first row as shown in Figures 6 and 7. The pressure taps 
were located 0.25 mixing stack diameters apart. Actual loca- 
tions are given in Figure 6. The dimensionless mixing stack 
pressure term, PMS*, as previously mentioned in Section II and 
as derived in Appendix A, is then calculated from the static 
pressure data. PMS* is plotted versus X/D pressure tap loca- 
tions to obtain the mixing stack pressure distribution. A 
sample distribution is shown in Figure 21. Region Q) is 
located at the entrance of the mixing stack, and it has the 
highest negative pressure readings for each stack. The early 
tests confirmed that there were definite limits on the amount 
of nozzle tilt and rotation beforethe primary flow started to 
interfere with the secondary flow in this region. Pressures 
near region (2), located toward the exit of the stack, tend 
to possess lower potential for inducing tertiary flow when 


compared to pressures near region Q) . Pressures located 
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at region (3) met@cGaeca JUSt Prior to the exit of the mixing 
Stack may actually be poSitive, or above ambient pressure. 

In the sample plot, the data point at region c has very 
little potential for inducing tertiary flow, and the data point 
at region (3) is positive which would hinder tertiary flow. 
It is therefore desirable to look for nozzles combinations 
which produce pressure distributions remaining below the zero 
PMsS* line on the plot and as low down on the PMS* axis as 


possible. 


D. MIXING STACK ROTATION ANGLE 

The straight nozzles produce a symmetric flow consisting 
mec peak and four null pressure areas along the axis of 
the mixing stack. Pressure taps at position 'A' normally 
could be used to record the peaks while the position 'B' taps 
could be used to record the lower pressure regions or nulls. 
With introduction of the angled nozzles, the flow became 
Swirled. A rotatable base plate was used to scan the entire 
Circumference of the mixing stack at each L/D position and 
thereby obtain a better record of the varying axial pressure 
distribution. This allowed the peaks and troughs to be rota- 
ted to the stationary pressure taps for data acquisition. The 
base plate rotation angle, ¥, is recorded for each pressure 
tap position, and when plotted, provides a rough indication 
of the flow pattern variations. Region (2) Peers 22 
corresponds to the rotation angle needed to align the peak 


position 'A' reading with the pressure tap and 1s always the 
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actual angle recorded. The other data points were actually 
rotated 90 degrees for plotting purposes. The data in Figure 
22 1s fairly stable and indicates little twisting of the pri- 
mary flow. Region (2) often showed a considerable change 
meelow direction as did region G) mee dat nymcene plots of 
this data only serves as a general indication of flow direc- 
tions, which were in agreement with observations of tufts 

of string used to follow the flow paths on each run. 

Tests were conducted early in the research to determine 
the sensitivity of the rotation angles. Results showed that 
changes as small as one degree of rotation could cause large 
pressure changes while at other times the base plate could be 


rotated 30 degrees without any pressure changes. 


Meee veLOCITY TRAVERSES 

The velocity traverses are generated by moving the pitot 
tube in measured increments across the horizontal and diagonal 
lines as indicated in Figure 7. Stagnation pressure readings 
are read from the 20 inch manometer and combined with data 
taken for the pumping coefficients to calculate mixing stack 
exit velocities in units of feet/second. Computer generated 
two-dimensional plots of the velocity traverses can then be 
used to get indications of mixing, wall effects, and primary 
flow core formation. 

The sample horizontal velocity profile Shown in Figure 23 


Shows two, essentially primary flow peaks at regions (2) and 


(4) - Regions (Q) and G) are essentially secondary 
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induced flows and show some wall efforts. Region (3)shoula 
be symmetrically located at the center of the stack, however 
misalignment of the base plate may cause the center trough 
to appear displaced. Region (6) should have data points 
which overlap data points on the diagonal velocity plot. 

The sample diagonal velocity profile Shown in Figure 24 
shows noticeable peaks and troughs. The peaks at regions @) 
and () are the primary nozzle flows which have not been 
rotated inward enough to get better mixing. The peaks at 
G) and (5) correspond to peaks (2) and (4) on the 
horizontal velocity profile. Region (4) Should be at the 
Same point as region G) iene nenlzeontal profile, and 
serves aS a quick indication of rotation angle misalignment. 
Region data points should be the same as those in the 
other profile. This region also 1s observed for coring effects 
when the nozzles have excessive tilt and rotation. 

The dashed lines in both sample profiles are just rough 
indications of whata fully developed turbulent flow should 
look like. With the short mixing stacks, this will never be 
achieved, but the goal is to select nozzle combinations which 
can give generally flat overall profiles as an indication of 
enhanced mixing. Sharp peaks and troughs should ther€fore be 
avoided or minimized. The comparison plots of the two pro- 
files serves to determine data accuracy, the interaction of 
the flows, and base plate misalignment which can seriously 


Skew the profiles. 
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Due to the flow rotation created by the angled primary 
nozzles, the nozzles base plate had to be rotated on a trial- 
and-error basis to bring the primary flows into alignment 
with the pitot tube for the diagonal velocity traverse profile. 
Talis setting of the nozzle base plate was kept intact for 
the horizontal velocity profile. Alignment procedures called 
for obtaining a peak presSure reading on the diagonal traverse, 
adjusting the sliding scale on the velocity traverse bar and 
moving the bar until a symmetric profile was achieved, and 


then verifying the base plate rotation. 
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ae SESCusSS EON OF EXPERIMENTAL RESULTS 


Major components for the straight geometry mixing stacks 
were relocated, overhauled, and installed while the components 
and computer software for the angled primary flow nozzles were 
being developed. The data reduction process and basic cold 
flow test facility components were then verified by taking 
a series of tests with a set of straight nozzles used by 
Lemke and Staehli [ Ref. ae This set of nozzles had inner 
diameters of 3.38 inches and an area ratio of 3.0. This early 
data 1S not presented in this report, but it correlated extremely 
well with Lemke and Staehli's results. These tests confirmed 
that higher pumping coefficients on the order of 0.75 could 
be obtained if you are willing to suffer the considerably 
higher, approximately 2.5 inches of water higher back pressure 
and higher nozzle exhaust velocities when compared to straight 
nozzles having aninner diameter of 3.70 inches and area ratio 
omens On the same mixing stack with an L/D ratio of 1.75. 

The test results for the 3.7 inch ID and AR = 2.5 straight 
nozzles on a mixing stack with L/D = 1.75 and S/D = 0.5 are 
given in Tables 2 through 2.3, and the plots are given in 
Figures 25 through 25.4. This data compared extremely well 
with Lemke and Staehli's results as listed in Table V.c of 
Reference [3] and is plotted in Figure 25. This data served 


as a baseline for evaluating the angled nozzles with the same 


map, S/D, and AR ratios for the early data runs. 
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The angled nozzle combinations in the remainder of this 
discussion will appear as 15/10 for example, where the 15 is 
the nozzle tilt angle, 9, and the 10 is the nozzle rotation 
angle, ¢. Due to the large number of plots and tables involved, 
references to individual plots and tables for the various 
nozzle combinations will not normally be made except by ref- 
erences to the series of data for that particular combination. 
The notation FT 15/8, for example, will be used to indicate 
that the plots are located in the Figure 15 series and that 
the data 1s located in the Table 8 series for the nozzle com- 
bination specified. The summary tables, Tables 1.1, 1.2, and 
1.3, and the summary plots given in Figures 75 through 81 may 
also prove to be of great value when reading this discussion. 
The mini-pliots given with the tabulated data are also quite 
helpful when reviewing data. The abbreviations MSD for mix- 
ing stack pressure distribution, PCD for pumping coefficient, 
and VTD for velocity traverse distribution will also be used 
in this discussion and in the summary of tabulated data tables. 
Unless specifically mentioned otherwise, the S/D ratio of 
0.5 was used throughout these investigations. 

The first set of angled nozzles chosen for testing were 
the 15 degree tilt serles. These nozzles were near the middle 
of the 10, 15, 20, and 22.5 degree tilt angle nozzles avail- 
able, and it was hoped that by testing nozzles on either side 
of them that a trend would quickly develop which could possibly 


reduce the amount of testing necessary. The four sets of 
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angled nozzles could be rotated from zero to between 25 

and 45 degrees depending on the amount of tilt angle involved. 
The rotation angles can be adjusted in one degree increments 
which made the number of nozzles combinations available for 
testing extremely large. This was further compounded by the 
requirement to test these combinations on three different L/D 
ratio mixing stacks. It was decided that rotation angles in 
10 degree increments would be used to help alleviate the 
number of runs possible while still developing a thorough 


data baSe. 


Peay D = 1.75 (LONG STACK) RESULTS 

Although the L/D = 1.75 mixing stack was the longest mix- 
ing stack tested, it is still approximately only two-thirds the 
L/D ratio of stacks involved in past research as well as those 
in actual use on Several naval vessels. The 15/00 combination 
was tested first with results given in the FT 30/7 series. 
the pumping coefficient for the straight nozzles was 0.54 
and the 15/00 nozzles increased this to 0.57. The MSD profile 
waS worse and indicated a positive PMS* presSure value near 
the L/D = 1.5 pressure tap. The VTD profile showed that the 
primary flow was predominant along the walls for the diagonal 
profile while the horizonatal profile was nice and flat. 
Unfortunately, this first angled nozzle data run pointed out 
that it would take about 2.5 hours to get a complete set of 


acceptable data. 


el 





The PCD data was fairly easy to take, however, the angled 
nozzles had to be rotated with the base plate to get accurate 
MSD data. The alignment of the velocity profile traverse sys- 
tem to get the profiles centered was hard enough, but the base 
plate had to be rotated to the optimum position to get an 
unskewed profile. Consequently, there was a lot of trial-and- 
error adjustment required while taking the MSD and VTD data. 

Tests were rerun on the 15/00 nozzles to determine 1f the 
base plate could be fixed at the zero point, rotated to the 
peak pressure at poSition 'A' and left there, or had to be ro- 
tated for both maximum and minimum pressure readings along the 
mixing stack. The results are given in the FT 31/8, FT 32/9, 
and FT 33/10 series. It was determined that the rotation 
angles served only as a general indication of flow directions 
and was not as important as the pressure readings along the 
stack. The results also showed that rotating the peak pres- 
Sure to the top pressure taps gave fairly accurate minimum 
readings on the diagonal pressure tapS without further rota- 
tion of the base plate. The next data run for the 15/10 noz- 
zles showed that not only may one miss the minimum reading, 
one might miss any positive pressures as well when using this 
approach. Consequently, the MSD procedure that evolved was 
to rotate the base plate to get a maximum negative or posi- 
tive pressure reading at the top pressure taps, record the 
reading and the rotation angle, rotate the base plate for a 


Minimum reading on the diagonal taps, compare the two angles, 
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and record the average of the two. This did help reduce the 
run time down to two hours, and nothing was found to reduce 
the time involved obtaining the velocity profiles. The semi- 
automated data system in its present configuration would have 
actually increased the run times for the particular geometries 
associated with this research. 

The next tests were conducted on the 15/10 and 15/20 noz- 
zle combinations, and results are given in the FT 34/11 and 
FT 35/12 series. The pumping coefficients were both in the 
0.59 range with the 15/20 nozzles being juSt slightly better. 
Both had similar MSD profiles with one slightly positive PMS* 
reading near the stack exit. The 15/20 combination had the 
less positive PMS* reading of these two nozzle combinations, 
and its VTD profile was also slightly better than the 15/10 
combinations. 

The 15/30 tests given in FT 39/16 showed a pumping coeffi- 
Client of 0.55 which was lower than either of the 15/10 or 
15/20 combinations. The MSD profile showed some improvement, 
but the positive PMS* reading still existed in the same region. 
The diagonal VTD profile was excellent, but the horizonatal 
profile showed onset of primary flow coring. 

The next approach was to split the difference and try a 
15/25 combination to see if there waS a maximum pumping 
coefficient in the combination region. ResultS are given in 
Pl) 36/13 and the pumping coefficient fell to 0.58. The posi- 


tive PMS* reading was lower than in the 15/20 data, but the 
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VTD profiles were slightly worse for thermal mixing. This 
Same nozzle combination was then used for testing S/D ratios 
of 0.4 and 0.25 to determine the effect of reducing the stand- 
off distance. Moss in Reference [2] had shown that the opti- 
mum S/D ratio for the straight primary nozzles was 0.5. Results 
are given in the FT 37/14 and FT 38/15 series. The S/D = 0.4 
run showed a slightly better pumping coefficient of 0.585 when 
compared with the S/D = 0.5 pumping coefficient of 0.58. The 
positive PMS* reading near the mixing stack exit was inter- 
mMittently negative and finally stayed negative as the data run 
progressed. Unfortunately, the VTD profiles were poorer for 
the S/D = 0.4 ratio. The S/D = 0.25 pumping coefficient fell 
off to 0.55, the MSD profile was better than the other two 
S/D rations, and the VTD profile was much worse than either 
the S/D = 0.5 or S/D = 0.4 profiles. In comparing the results, 
it was determined that the angled nozzles generally behaved 
as Staight nozzles as far as stand-off distance ratios were 
concerned and the results followed the Curve generated by 
Moss. Each change of the S/D ratio requires realignment of 
the mixing stack which can take a considerably amount of 
time, the results correlated with Moss's findings, and further 
comparison of S/D ratios for the two shorter mixing stacks 
Was ruled out. 

Full data runs were then conducted on 20/10 and 20/20 
nozZle combinations with the results being given in the 


mea0/17 and FT 41/18 series. Although they had pumping 
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coefficients below the 15/20 nozzle combination, they both 
exhibited improved VTD profiles. The MSD profiles both had 
more positive PMS* readings and were generally poorer than 
for the 15/20 combination. The hoped for trend was becoming 
clear, however the data acquisition time for a full set of 
data on every nozzle combination would have precluded testing 
on the other two mixing stacks. It was felt that the angled 
nozzles did make shorter mixing stacks possible, but that the 
MSD profiles were substandard for the stack tested. Testing 
was needed on the shorter stacks to determine if the MSD pro- 
files would be improved while maintaining or improving the 
pumping coefficients. 

A careful review of evaluation procedures disclosed that 
all parameters have to be analyzed, but that the pumping 
coefficient was slightly predominant. The tests so far had 
shown that any amount of nozzle tilt and rotation improved 
the pumping coefficient over that of the straight nozzles. To 
establish a broader data base while still being able to test 
the shorter stacks, run times had to be reduced still further. 
It was decided to take partial data runs for pumping coeffi- 
client data over the remainder of the nozzles followed by full 
data runs on nozzle combinations with the better pumping 
coefficients. 

The PCD data only procedure was then conducted on the 
20/30 and all of the 10 degree and 22.5 degree tilt angle 
nozzles. The plots and tabulated data for these various com- 


Dinations are provided in this report; however, the summary 
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of tabulated data in Tables 1.1 and 1.2 along with the sum- 
mary plots in Figures 75 through 81 should be referred to for 
a clearer picture of the results. In general, it was found 
that the 10 degree tilt angle nozzles started off fairly well 
at low rotation angles, and the pumping coefficients then fell 
off dramatically as the rotation angle was increased. The 

15 degree tilt angle nozzles started out with good pumping 
coefficients at low rotation angles, reached a peak around 
the 15/20 combination, and then fell off for higher rotation 
angels. The 20 degree tilt angle nozzles started below the 
other two, got better, and then stayed the same as the rota- 
toin angle was increased. 

The 22.5 degree tilt angle nozzles started out the lowest 
for this L/D ratio and got better with increasing rotation 
angles. Partial tests showed that primary flow coring took 
effect with these nozzles with poorer mixing once you passed 
a rotation angle of about 25 to 30 degrees depending on the 
tilt angle being tested. 

One interesting point became clear by taking just the 
PCD data to establish a broader data base, the results clearly 
Showed that not all angled nozzle combinations give better 
pumping performance than the straight nozzles, Several in 
the 10/30 and 10/40 ranges would be considerbaly worse in 


fms application. 


Peay D = 1.5 (MEDIUM STACK) RESULTS 


The L/D ratio of 1.5 mixing stack was installed, aligned, 
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and tested. The straight nozzles were then tested with a 
full data run to establish a base line for the medium stack 
data results. The results are given in the FT 46/23 series. 
The pumping coefficient fell to 0.51 while the MSD and VTD 
profiles were essentially the same as those for the longer 
stack. 

Partial data runs were conducted for the remainder of the 
angles nozzle combinations. The results are provided in the 
various figures and tables, but again, the summaries in Table 
1.2 and in Figures 75 through 81 present a clearer picture of 
the overall results. The 15/20 nozzles again provided the 
best pumping coefficient, and a full data run was then con- 
ducted. The results are given in the FT 53/30 series. The 
pumping coefficient was Slightly better than 0.58, which 
compared favorably with the 0.59 pumping coefficient for the 
Same nozzles on the longer L/D = 1.75 mixing stack. More 
importantly, the MSD profile improved considerably and there 
were no positive PMS* readings. The VID profiles showed more 
peaks and troughs than with the longer stack, but overall, 
they were generally flatter, indicating better mixing. These 
findings were extremely important as they verified that the 
pumping coefficient could be kept close to those associated 
with straight nozzles and considerably longer mixing stacks, 
achieve better mixing, and the improved MSD profile clearly 
indicated that the ported mixing stack with shroud and diffusor 


end rings was also feasible. The 15/20 angled nozzle combina- 
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combination, based on data up to this point, clearly appeared 
to be the best combination irregardless of the mixing stack 
length and provided the best overall performance on the 


medium length mixing stack. 


eee 1.25 (SHORT STACK) RESULTS 

The L/D mixing stack was installed and aligned. The 
Straight nozzles were again tested with a full data run to 
establish a baseline for the short mixing stack. The results 
are given in the FT 60/37 series. The pumping coefficient 
fell even further to 0.50 when compared to the two longer 
mixing stacks. The MSD profile was good, but it was poorer 
than those for the other two stacks. The VTD profiles had 
more pronounced peaks and troughs which were higher than those 
of any other stack and nozzle combination tested, thus indi- 
cating extremely poor mixing within the mixing stack. 

Partial data runs were conducted on the remainder of the 
angled nozzle combinations. The results are provided in the 
various figures and tables, but again, the summaries in 
Table 1.3 and Figures 75 through 81 presents a clearer picture 
Of the results. The 15/20 nozzles, the previously best perfor- 
mers on the other two stacks, fell below the pumping coeffi- 
mmeites OL the 15/10, 20/10, and 20/30 nozzles. 

Full data runs were then conducted on the 15/20 and 20/20 
nozzle combinations to determine the effects of increasing 


the L/D ratio while holding the 15/20 nozzle combination 
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constant and the effects of increasing the rotation angle 
while holding the tilt angle constant for the short stack. 

The 15/20 nozzle combination on the full run dropped from 
Mereeo 0.56 with better data accuracy. The results are 
given in the FT 67/44 series. The MSD profile, while always 
negative, was generally not as good as on the L/D = 1.5 mixing 
stack but better than on the long stack. The VTD profiles 
were better than the straight nozzles, but not quite as good 
as either of the longer mixing stacks. 

The 20/20 nozzle combination had a pumping coefficient of 
0.58 which was better than the 15/20 nozzles. The results of 
this run are given in the FT 71/48 series. The biggest dif- 
ference between these two combinations was in the MSD pro- 
files. The 20/20 nozzle combination had two positive PMS* 
readings near the mixing stack exit as well as a poorer over- 
all profile. There was some misalignment on the VTD profiles 
but in general, the horizontal profile was better than with 
the 15/20 nozzles while the diagonal profile was considerably 
worse with indications of some wall effects. Overall, the 
VTD profiles were about equal for mixing properties. 

The 20/30 nozzles should have been slightly poorer perfor- 
mers than the 20/20 nozzles, and a full data run was not con- 
ducted. The next step would have been to conduct full data 
runs on the 15/10 nozzle combination; however, time expired 
for data acquisition and was needed to analyze data and write 
this report. This testing of the 15/10 nozzle combination 
would make an excellent starting point for the next research 
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BeeeeeACK PRESSURES 

A review of the back pressure data from the various data 
tables showed that the better performing angled primary flow 
nozzles increased the back pressures on the average of 0.04 
inches of water when compared to the Straight nozzles on the 
Same mixing Stack. For example, the 15/20 nozzles on the 
L/D = 1.5 mixing stack increased the back pressure only 0.02 
inches of water for thetest uptake Mach number of 0.062. 
Increasing the nozzle tilt angle about 20 degrees and the 
nozZle rotation angle above 25 degrees tended to raise the 
back pressures Slightly, usually on the order of several 
tenths of inches of water. A firm correlation between the 
effects of increaSing just one or both of the angles could 
not be obtained. For example, the 22.5/20 nozzles on the 
L/D = 1.25 mixing stack showed 0.15 inches of water less 
back pressure than the 22.5/10 nozzles; however, they both 
were at least 0.35 inches of water greater than the straight 
nozzles. 

The 15/20 nozzles with the L/D = 1.5 mixing stack showed 
a back pressure of 6.30 inches of water for a test Mach number 
of 0.064. The straight nozzles used with the longer L/D = 2.5 
Mixing stack were shown by Lemke and Stzwhli to have a back 
pressure of 5.8 inches of water, therefore the angled nozzles 
when used in the shorter mixing stacks do exhibit a slight 
increase in back pressure on the order of one-half inch of 


water. 


60 





Vie CONCEUS EONS 


This research investigated the feasibility of reducing 


the length of the mixing stacks in gas turbine gas eductor 


systems by the use of angled primary flow nozzles. The con- 


clusions resulting from this investigation are as follows: 


1. 


The best combination of angled primary flow nozzles 
and mixing stacks tested appears to be the angled 
nozzles with an area ratio of 2.5, a tilt angle of 

15 degrees, and a rotation of 20 degrees used ina 
mixing stack with an L/D ratio of 1.5 and an S/D 
ratio of 0.5. This combination provides a pumping 
coefficient of 0.58, which iS equal to that reported 
by Lemke and Staehli for straight nozzles with the 
Same area ratio used in a mixing stack with an L/D 
ratio of 2.5 and S/D ratio of 0.5. The best combi- 
nation of angled nozzles and Mixing stack, when fur- 
ther compared to this longer mixing stack, showed com- 
parable mixing stack pressure distributions, a slight 
increase in back pressure of 0.50 inches of water, 
and improved mixing. 

The family of 15 degree tilt angled primary tlow noz- 
zles provides the best overall eductor performance 
when evaluated by all parameters on the mixing stacks 


investigated. Not all angled nozzles tested gave 
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improved performance over straight primary flow 
nozzles for the same AR, L/D, and S/D ratios. Some 

of the angled primary flow nozzles which do give 

good pumping capacity provide poor mixing and/or mix- 
ing stack pressure distributions. The best combina- 
tion of angled primary flow nozzles and mixing stack 
previously listed shows strong potential for further 
application of the shrouded, ported, and diffusor 

ring equipped mixing stack concept. 

The S/D ratio of 0.5 appears to be the preferred over- 
all location of the mixing stack from the primary flow 
nozzles. The angled nozzles appear to behave in this 
respect much like straight nozzles, and follow the 
general behavior obtained by Moss for varying the 
stand-off ratios. 

Back pressure increases associated with the angled 
primary flow nozzles are insignificant when compared 
with straight nozzles used with the same L/D ratio 
mixing stacks, provided that the nozzle tilt angle 

is kept below approximately 20 degrees and the nozzle 


rotation is kept below approximately 25 degrees. 
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TX. RECOMMENDATIONS FOR FURTHER STUDY 


Based upon a review of this investigation and its findings, 


1t 1s recommended that further study be conducted in the 


following areas: 


ie 


Full data runs be conducted for the 15/10 nozzle com- 
Bimatzons on the L/D = 1.25 and L/D = 1.5 mixing stacks 
to establish a more complete data base for the 15 
degree tilt angle nozzles. 

More verification of S/D ratio effects at 190/20 and 
15/20 nozzle combinations on the above L/D ratio 
mixing stacks. 

Investigate the application of angled primary flow 
nozzles on ported, shrouded, and diffusor ring equip- 
ped short mixing stacks to further enhance short mix- 
lng stack performance. 

Investigate alternate nozzle cross sections, such as 
the flutted nozzle, to further enhance the mixing 
process in short mixing stacks. This research could 
also later be applied to the ported, shrouded, and 
diffusor ring equipped short stacks. 

Hot flow verification of cold flow findings should 
conducted once the above recommendations have estab- 
lished the better performing geometries and configura- 
tions for short mixing stack and gas eductor enhance- 


ment in gas turbine applications. 
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FIGURE 3 - EXTERIOR OF SECONDARY PLENUM WITH PLENUM DOOR OFF AND ASME FLOW NOZZLES CLOSED 
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FIGURE 4 - INTERIOR OF SECONDARY PLENUM WITH ONE OF 
STRAIGHTNERS REMOVED TO ALLOW VIEWING OF ASME 
FLOW NOZZLES AND NOZZLE TRANSITION 
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L/D=1.75 L/D=1,50 L/D=1,.25 

L = 20.48" L = 17.55" L = 14,63” 
L = 20.98" L = 18.05" L = 15.13" 
A= 2,93" A= 2,93” A= 2,93" 
B= 5,85” B= 5,85” B= 5,85” 
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F = 17,55" 


FIGURE & - DIMENSIONS FOR SHORT MIXING STACKS INVESTIGATED 
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FIGURE 8 - VELOCITY TRAVERSE BAR AND MIXING STACK 
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FIGURE 9 - MIXING STACK WITH PRESSURE TAPS AND AIR SEAL 
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: Oh ANGLE ! 


CG) 0.5 IncH MAcHINeED SuRFACE To FIT THE 
NozzLeE BASE PLATE RECESSES 
Q) MITER ANGLE - ONE-HALF OF THE TILT ANGLE 


G) Cut anp JuncTure LINE 


NOTE: Four Sets of ANGLED NoZZLES WERE CONSTRUCTED 
WITH TILT Ancces oF 10, 15, 20, and 22.5 DEGREES. 


FIGURE 12 - DIMENSIONS OF ANGLED NOZZLES AND NOZZLE TILT ANGLE 
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FIGURE 12 - ANGLED NOZZLES WITH TILT ANGLES 18 TO 22.5 DEGREES 
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ANGLED Nozzie RoTATION 


NOTE: THIS ILLUSTRATION SHOWS A SET OF 15 DEGREE 
TILT ANGLE NOZZLES WITH 20 DEGREES OF ROTATION WITH 
A BASE PLATE ROTATION OF 13 DEGREES. 


FIGURE 13 - BASE PLATE ROTATION ANGLE AND NOZZLE ROTATION ANGLE 
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(1) Fixep Outer RING 
(2) ROTATIONG BASE PLANT 


(3) Recesses For ANGLED NoZZzLes 
(4) Lockine Cams 


[GURE 14 - DIMENSIONS FOR THE ROTATABLE NOZZLE BAS 


76 


Re =a / 30 
Re = 5,690 
a 5.400 
Ra = 0,375 
Rs = 3,200 
Re = 2,000 
Ra = 1,850 
E 


PL 


a 
4 





PAD USmelSmuNcce IN, ) 
RADIUS LISTINGS LIN. 


S 








FIGURE 16 - BASE PLATE WITH A 28/28 NOZZLE COMBINATION 
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FIGURE 18 - INSTRUMENTATION 
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APPENDIX: A 
ONE-DIMENSIONAL ANALYSIS OF A SIMPLE EDUCTOR 


This thesis is a further extension of the work conducted 
by Ellin, Moss, Lemke and Staehli, Shaw, and Ryan [ Ref. es 
3,4, and 5 ] and uses the same one-dimensional analysis of a 
Simple eductor syste. Similarity between the basic geome- 
tries tested by previous researchers was maintained to cor- 
relate data and preserve the error analysis conducted by 
Ellin. The dimensionless parameters controlling the flow 
Phenomena used previously were also used in the present 
research along with the basic means of data analysis and pre- 
sentation. Dynamic Similarity was maintained by using Mach 
number Similarity to establish the gas eductor model's primary 
flow rate. 

Although the analysis presented here is for an eductor 
model with only primary and secondary air flows, the basic 
discussion applies as well to systems with primary, second- 
ary, and tertiary flows. Systems with tertiary and film or 
wall cooling air flows have been non-dimensionalized with the 
Same base parameters as the secondary air flow and have been 
calculated using the same non-dimensional analysis. This 
allows easier comparison or tabulated and graphic results. 
Parameters pertaining to the secondary systems are subscripted 
with an "s" and those relating to the tertiary box are sub- 


Scripted with a "t". 
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A. MODELING TECHNIQUE 

Dynamic similarity between the models tested and an 
actual prototype waS maintained by using the same primary 
air flow Mach number. For the primary air flow Mach number 
used (0.064), and based on the average flow properties within 
the mixing stack and the hydraulic diameter of the mixing 
Stack, the air flow through the eductor system is turbulent 
(Re > 10°). Asa consequence of this, momentum exchange is 
predominant over shear interaction, and the kinetic and inter- 
nal energy terms are more influential on the flow than are 
viscous forces. It can also be shown that the Mach number 
represents the ratio of kinetic energy of a flow to its 
internal energy and is, therefore, a more significant para- 
meter than the Reynolds number in describing the primary flow 


through the uptakes. 


B. ONE-DIMENSIONAL ANALYSIS OF A SIMPLE EDUCTOR 

The theoretical analysis of an eductor may be approached 
in two ways. One method attempts to analyse the details of 
the mixing process of the primary and secondary air streams 
as it takes place inside the mixing stack. This requires an 
interpretation of the mixing phenomemon which, when applied 
to a multiple nozzle system, becomes extremely complex. The 
other method, which was chosen nere, analyzes the overall 
performance of the eductor system and iS not concerned witn 
the actual mixing process. The one-dimensional analysis based 


on a single primary nozzle exhausting into a mixing stack, 1s 
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Shown in Figure A-l. To avoid repetition with previous reports, 
only the main parameters and assumption will be represented 
here. A complete derivation of analysis used can be found in 
Reference (2 J and fo The one-dimensional flow analysis 
of the simple eductor system described depends on the simul- 
taneous solution of the continuity, momentum and energy equa- 
tions coupled with the equation of state, all compatible with 
specific boundary conditions. 

The idealizations made for simplifying the analysis are 

as follows: 

1. The flow is steady state and incompressible. 

2. Adiabatic flow exists throughout the eductor with 
1sentropic flow of the secondary stream from the 
plenum (at section 0) to the throat or entrance of 
the mixing stack (at section 1) and irreversible 
adiabatic mixing of the primary and secondary streams 
occurs in the mixing stack (between sections 1 and 2). 

3. The static pressure across the flow at the entrance 
and exit planes of the mixing-tube (at sections 1 and 
Zoels Unt LOrm . 

4. At the mixing-stack entrance (section 1) the primary 

and temperature T_ are uniform 


P P 
across the orimary stream, and the secondary flow 


flow velocity U 


velocity oS and temperature Ls are uniform across 
the secondary stream, but - does not equal Was and 


qT, does not equal T° 
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The 


be used 


al | 


Incomplete mixing of the primary and secondary streams 
in the mixing stack is accounted for by the use of a 
non-dimensional momentum correction factor Kn which 
relates the actual momentum rate to the pseudo-rate 
based on the bulk-average velocity and density and 

by the use of a non-dimensional kinetic energy cor- 
rection factor K which relates the actual kinetic 
energy rate to the pseudo-rate based on the bulk- 
average velocity and density. 

Both gas flows behave as perfect gases. 

Flow potential energy position changes are negligible. 


Pressure changes P ey and P, to Po are small 


sQ Ss] i 

relative to the static pressure so that the gas den- 
Sity 1S essentially dependent upon temperature (and 
atmospheric pressure). 

WeaiwirrEceloOn in, the mixing stack is accounted for 
with the conventional pipe friction factor term 
based on the bulk-average flow velocity U, and the 
mixing stack wall area A: 


following parameters, defined here for clarity, will 


in the following development. 


area ratio of primary flow area to mixing stack 
cross sectional area 


iseal Gablo OGL Wall Eriction area to mixing stack 
cross sectional area 
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cc momentum correction factor for primary mixing 
k momentum correction factor for mixed flow 
m 


e WiellwL cbacelon factor 
Based on the continuity equation, the conservation of mass 


principle for steady flow yields 


Ww = WwW +W +W (1) 
m p S ve 
where 
W =o UA 
Ee Ppp 
We 9 -UsAs 
(la) 
a = Pp, UA, 
we = O mm 


All of the above velocity and density terms, with the 
exception of oe and cae are defined without ambiguity by the 
Virtue of idealizations (3) and (4) above. Combining equations 
(1) and (la) above, the bulk average velocity at the exit plane 


of the mixing stack becomes 


ve o= we + W 
ee (1b) 


2mm 


where A is fixed by the geometric configuration and 
m 
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where a 1s calculated as the bulk average temperature from 
the energy equation (9) below. The momentum equation stems 
from Newton's second and third laws of motion and is the con- 


ventional force and momentum-rate balance in fluld mechanics. 


WU W U WU W U 
pee) + (5) + (oh +P aA sk C™™ + Ppa + FPF, (3) 
Pp g g “g Hest]: m “g_ 23 Pr 

c Cc C Cc 
Metre the introduction of idealizations (3) and (5). To 


account for a possible non-uniform velocity profiles across 
the primary nozzle exit, the momentum correction factor K 

ls introduced here. It is defined in a manner similar to 
feat of Ke and by idealization (4), supported by work con- 
ducted by Moss, it is set equal to unity. ae 1S carried 
through this analysis Only to illustrate its effect on the 
final result. The momentum correction factor for the mixing 


Stack exit 1s defined by the relation 


K = t eee eee (4) 





© 
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where U,, 1s evaluated as the bulk-average velocity from equa- 
tion (1b). The wall skin friction force Pee can be related 


to the flow stream velocity by 


2 
p 


ss 
ee = (5) 
25. 





uSing idealization (9). AS a reasonably good approximation 
for turbulent flow, the friction factor may be calculated 


from the Reynolds number 
Zia 
fF = 0.046(Re ) (6) 
m 
Applying the conservation of energy principle to the steady 


flow system in the mixing stack between the entrance and 


exit planes, 











a? u.* ome 
ep ae ak + wu) + WwW (h + ) 
2g. 25. 2g, 
i 
= With + K ) fy) 
C 


neglecting potential energy of position changes (idealization 
7). Note the introduction of the kinetic energy correction 


accor K., which is defined by the relation 
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dA (8) 


© 


It may be demonstrated that for the purpose of evaluating 
the mixed mean flow temperature Ta! the kinetic energy terms 


may be neglected to yield 


Wo bre Pe 
m W p W S W cE 
m m m 


where Tn = ¢(h_) only, with the idealization (6). 
The energy equation for the isentropic flow of the sec- 
ondary air from the plenum to the entrance of the mixing stack 


may be shown to reduce to 





Similarly, the energy equation for the tertiary air flow 


reduces to 
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The previous equations may be combined to yield the 
vacuum produced by the eductor action in either the secondary 
or tertiary air plenums. For the secondary air plenum, the 


vacuum produced is 








, wi? ee a A, 
i= Pp = K zs ee ee 
a Os on a x -. ta 

cm Ay p s°s Ss m ~m m 


(erale 


where it 1S understood that a and - apply to the secondary 
flow at this same section, and a and ce apply to the mixed 
flow at the exit of the mixing stack system. P 1s atmos- 
pheric pressure, and 1S equal to the pressure at the exit of 
the mixing stack. A is the area of the inside wall of the 
Mixang stack. 


For the tertiary air plenum, the vacuum produced is 














(Wwoo+ Ww)? w ? 1A 
Pp -p = _1 (k Pp eer ena ere ee. ay 
2 cee US ae or 2 AL 
w 7 Pan 
eee Kee) ) (lla) 
Hee 2 A 
m mm m 


where the primary flow now consists of both the primary and 


secondary air flows. 
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C. NON-DIMENSIONAL FORM OF THE SIMPLE EDUCTOR EQUATION 

In order to provide the criteria of similarity of flows 
with geometric similarity, the non-dimensional parameters 
which govern the flow must be determined. The means chosen 
for determining these parameters was to normalize equations 
(11) and (lla) with the following dimensionless groupings. 


aa > ~6P 

















_ ee a pressure coefficient which 
p* = ae compares the pumped head 
5 Bis - Eee for the secondary 
U 
P flow to the driving head 
2G. : y Zz 
P of the primary flow 
2g 
c 
Be = P a pressure coefficient which 
ot compares the pumped head 
PT* = e Bees Pot for the tertiary 
U.,* flow to the driving head 
25. ube 
of the primary flow 
2g 
e 
We a flow rate ratio, secondary to 
w* = — primary mass flow rate 
W 
P 
Ww. a flow rate ratio, tertiary to 
ae = primary mass flow rate 
W 
P 
ie an absolute temperature ratio, 
Zs = secondary to primary 
a 
P 
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ia an absolute temperature ratio, 
gre = _t Eerelary tO primary 
T 
P 
e a flow density ratio of the sec- 
Cs = taba ondary to primary flows. (Note 
Cp that since the fluids are con- 


Sidered perfect gases, 


= 
p 

= 
Ss 


S 


* 
Ss 


tI 
alr 


a flow density ratio of the ter- 
Ct tiaby Ulli. , cooling flow to 
Cp primary flows. (Note that since 
the fluids are considered per- 
fect gases, 


ae 1 
e* = Yo 
ee 
Ak we 
c ie 
A an area ratio of secondary flow 
a = 2 area to primary flow area 
A 
P 
A an area ratio of tertiary flow 
a )|CUG ; 
= area to primary flow area 
cm A 
P 


With these non-dimensional groupings, equations (11) and (lla) 
can be rewritten in dimensionless form. Since both equations 
follow the same format, only the results for the secondary 


air plenum will be presented here. 
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ps A 
= 2 Pex, - __P a) Sees Pee. 
T* A A 
An m m™m 
A A 
Pave Tee (ee ey P34 
ax P 2a*A A 
Dp m 
where 
£ AW 
on 5 
A 
m 


This may be rewritten as 





p* 
= * nie %* 
a C1 + CoW (T + 1) + CW T 
where 
A A 
= = Pease =| Pa) , 
AL A, 
pun? 
= - (2) 8, and 
An 
A ‘ A A 
meee’ (— - _ 8 - _P 8) 
3 A A*  2A*A A 
m m 


As can be seen from equation (13), 
p* = F(W*, T*) 
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The additional dimensionless quantities listed below 


were used to correlate the static pressure distribution down 


the length of the mixing stack. 





a pressure coefficient which com- 
pares the pumping head PMS for 


a 


the secondary flow to the driving 


head u” of the primary flow, 


2g 
Cc 


where PMS = static pressure 
along the mixing stack length 
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APPENDIX: B 
FORMULAE 


Presented here are the formulas used to obtain the primary 
and secondary mass flow rates. According to the ASME primary 
Test Code [ Ref. 8 ‘| , the general equation for mass flow rate 


appearing in equation (a) 


W(1bm/sec) = (0.12705) KAY F_ (¢ ae) °°? 1 


may be used with flow nozzles and square edge orifices pro- 
vided the flow is subsonic. In the above equation, K (dimen- 
Sionless) represents the flow cefficient for the metering 
device and is defined as K = C(l - g4)-0.5 where C is the 
coefficient of discharge and g is the ratio of throat to 
inlet diameters; A(in*) is the total cross sectional area of 
the metering device; Y (dimensionless) is the expansion 
maeeror for the flow; i (dimensionless) is the area thermal 
expansion factor; op (1bm/ft”) 1s the flow mass density; and 
AP (inches H50) 1s the differential pressure across the 
metering device. Each of these quantities are evaluated, 
Becording to the guidelines set forth in Reference [ 8 | , 
for the specific type of flow measuring device used. 

Using a square edge orifice for measurement of the pri- 


mary mass flow rate, the quantities in equation (a) are 


defined as follows: 
416 








The flow coefficient Kis 0.62 based on a 8 of 0.502 
and a constant coefficient of discharge over the range 
of flows considered of 0.60. 

The orifice area is 37.4145 in’. 

Corresponding to the range of pressure ratios 
encountered across the orifice, the expansion factor 
mas 01.8). 

Since the temperature of the metered air is nearly 
ambient temperature, thermal expansion factor is 
essentially 1.0. 

The primary air mass density ae is calculated uSing 


the perfect gas relationship with pressure and tempera- 


ture evaluated upstream of the orifice. 


Substituting these values into equation (a) yields 


W 
P 


The 


(1bm/sec) = (2.88455) (o AP 0.5 (b) 


or) 


secondary mass flow rate is measured uSing long radius 


flow nozzles for which case the quantities in equation (a) 


becomes: 


le 


For a flow nozzle installed in a plenum, 8 is approxi- 
mately zero in which case the flow coefficient is 
approximately equal to the coefficient of discharge. 
For the range of secondary flows encountered, the 

flow coefficient becomes 0.98. 

Ais the sum of the throat areas of the flow nozzles 
a). 


toeeuse (in 
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3. Since the pressure ratios across the flow nozzles 
are very close to unity, the expansion coefficient 
eas 1.0. 

4. Since the temperature of the metered air is nearly 
ambient temperature, the thermal expansion factor is 
essentially 1.0. 

5. The secondary alr mass density 0. 1s evaluated uSing 
the perfect gas relationship at ambient conditions. 

Substituting these values into equation (a) yields the equa- 
tion for the secondary mass flow rate measured using long 


radius flow nozzles. 


W. (1bm/sec) = 0.12451) A (0, ee (c) 
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APPENDIX: C 
UNCERTAINTY ANALYSIS 


The determination of the uncertainities in the experi-~ 
mentally determined pressure coefficients, pumping coefficients, 
and velocity profiles was made using the methods described by 
Kline and McClintock [ Ref. 10 J. EnNeebaste uncertainty analy= 
Sis for the cold flow eductor model test facility was conducted 
by Ellin [ Ref. il, | The uncertainties obtained by Ellin using 
the second order equation Suggested by Kline and McClintock 
were applicable to the experimental work conducted during the 


present research and are listed in the following table. 


UNCERTAINTY IN MEASURED VALUES 


iy + 1 R 
S 
oe asteed lige 
Pp 
Pp G2 O01 psia 
a Pp 
AP mv O Ou Ts H>O 
Py = e200. aT HO 
P HO 20 Sen. H50 
u 
AP (+) sree ve Cheb. Salary: H5O 
S 
AP (**) tre Oucr Os a lies H50 
t 
Por ee OmeOae eth 2 HO 
AP or Sees © 21 T:. H50 
Be + 1R 
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nae eee UR 
PT (***) EO ele ALT) HO 
UNCERTAINTY IN CALCULATED VALUES 

Pp * 

T* 1.9% 

warped 44 1.43 

V/V 2 5% 

avg 

(+) The pressure differential across 
the secondary flow nozzles, P 
is the major source of uncer- 
tainty in the pumping coefficennt. 

(++) The pressure differential across 
the tertiary flow nozzles, Pir 
is the major source of uncer- 
tainty in the pumping coefficient. 

(+++ ) The measurement of the total 


pressure for the velocity profile 
is the major source of uncertainty 
Tipenewvye Hocikty Calculacion. 
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AE PENDES:  D 
ASME FLOW METERING COMBINATION NUMBERS AND DATA SHEETS 


The total cross-sectional area of the ASME long radius 
nozzles 1S one of the major inputs for determining the sec- 
ondary air flow rate. Calculation of these areas as the 
nozzles are sequentially opened to the atmosphere can be 
difficult, time consuming, and possibly error prone. To 
increase accuracy while lowering the data acquisition time, 
past research was conducted using nozzle combination numbers 
to represent the areas involved. 

Past combination numbers were determined by taking the 
diameters of the nozzles in use, Squaring them, and then 
dividing by four. For example, 1£ one-four inch and one- 
eight inch nozzle had been opened, 4° = 16 

g- = 64 

16 + 64 = 80/4 = 20 
The combination number, 20, 1s thus easily calculated and 
easier still to input into the reduction programs. When 
multiplied by PI, the area becomes 62.832 square inches. 

This research deviated from this past practice by elim- 
nating all calculations in the acquisition process. The com- 
bination numbers used for the data sheets and for computer 
data reduction entry made the flow metering area calculations 
still easier to use. A set of areas which gave the optimum 


BuOcting points for the pumping coefficient plots were 
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determined, and the number and type of nozzles to be opened 
for each run were added to the data sheets along with the 
corresponding combination number. These standard combinations 
proved effective and efficient during this investigation, and 
room was left on the data sheets for non-standard combinations 
Should they be needed at a future data. The reduction program 
uses the actual areas in calculating the secondary air flow, 
and the pumping coefficient program "PCDSTORE" performs the 
combination number/area conversion. This was done to allow 
the older combination numbers to be used again by modifying 
the smaller, less complicated input program without having to 
modify the more complex reduction program if such a need 
should arise. 

The reduced size listings of the various combination num- 
bers and corresponding areas are given in Table D-l. Reduced 
Size samples of the data acquisition sheets are provided in 
Figures D-l, D-2, and D-3. The reduction makes the combina- 
tion numbers difficult to read under the headings CSEC and 
CTER for secondary and tertlary combination numbers respec- 


tively in Figure D-l1, but the ease of use should be apparant. 
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ASME FLOW NOZZLE COMBINATIONS 


NUMBER OF NOZZLES AREA COMBINATION NUMBER 
TNCH 4 INCH See ie =< INCHES) SECONDARY | TERTIARY 
sr cr a 


p< 
N 


es 7. oo. 
ED 


2 0 Grea S 3 
_ OSE a ee a 
a 
2 1 hee so0 6 6 
25.133 7 ? 
ase 8 





37.699 | 10 To 

3 | 
Z 5 0 43.982 2 | eZ 
0 0 i 30-205 


[= 
pt 


BN sco? | ue te 
eee eae ss 
ft fs 16 
ee sas tet 
Psa 18 
eo 75,398 19 | 
eo a a 20 
eee eer 

oe 
a 
94.248 24 24 
SS 100.531 25 esas | 
| 2 ee ee ee 

a ae A 
ee ee ates | es es 
i 


ee | 125.664 31 
ee ea 205 i 


Whwlwirn IN Pn fede te 
Mie pee Te bet Re le 


TABLE D-1 ASME FLOW METERING NOZZLE COMBINATION NUMBERS 
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ASME FLOW NOZZLE COMBINATIONS (CONTINUED) 


NUMBER OF NOZZLES COMBINATION NUMBER 
2 INCH DoECONDAR GN CER. LARY 


et fe te | 
ee ST YY 
Ee 
Coes asia ss 
Me 0 fs seal 3 
Mc) 3 Mss | oe 
a [0 | 3 | 1s7.00 | 3 | -- 

MM 3 P te3.33 | oo | 


WwiWw in ir tro 
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Ee 
eee ee too 2 
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EE 
HE 
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i * 

ce on a 202-062 =" 
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07 35 1s = 

a ee 

Ee ee 

Te 

eo ee a 2260s po 

ee ee... 

Eran 

ee ee ee ee 

i 

a | Poesy 
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Ww 
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TABLE D-1 (CONTINUED) 
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FIGURE D-1 SAMPLE PUMPING COEFFICIENT DATA SHEET 
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APPENDIX; E 
COMPUTER PROGRAMMING INFORMATION 


The research conducted by Ryan [ Ref. 5 ] utilized a semi- 
automated data acquisition system in the later stages of 
eductor model testing. The system used the Hewlett Packard 
HP-85 computer which also served to reduce the data and to 
plot the results for more detailed analysis. The data input, 
reduction, and plot programs were designed for the eductor 
geometries used by Shaw and Ryan in their investigations. 
With the introduction of the angled nozzles and straight 
mixing stack, the programs written by Ryan no longer applied. 
Had more research time been available, the equipment sug- 
gested by Ryan to further automate the data acquisition could 
have been obtained and the programs written for the new geo- 
metries. In the configuration and state of automation avail- 
able at the start of the present research, the semi-automatic 
data acquisition system actually would have taken longer to 
acquire the same amount of data that could be taken manually. 
The decision was reached to place the system in a standby 
status and to rewrite the necessary programs for the angled 
nozzles with straight mixing stack. Ryan's programs were left 
intact and are available on floppy disc Volume: DLRYAN 
should research be directed toward the symmetric concealment 


mpeug concept. 
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A. PROGRAMMING CONCEPTS 

The programs written for the angled nozzles and straight 
mixing stack were designed to be versatile, have room for 
growth, and to anticipate immediate future needs. As such, 
they were written for full secondary and tertiary flow data 
meemerton, plotting, and comparison vice to fulfill just the 
secondary data reduction and plotting needed in this research. 
The programs were written to maximlze man-machine interfacing. 
Operators with little skill in the HP Basic Language used 
should have no problems entering data, reducing the inputs, 
storing the outputs, and generating the numerous plots required 
for this particular research. Each program was designed to 
ask simple questions on the computer's display screen, give 
the possible answer of data input formats, and provide numer- 
ous data error correction techniques. The data sheets listed 
in Appendix D, Figures D-1l, D-2, and D-3 were designed to 
further assist the data acquisition process by providing 
blanks or spaces in the same order that the particular pro- 
grams would ask for data entry. The programs were written 
so that all data entry, reduction, and plotting routines were 
located on one floppy disc and the temporary and permanent 
Gata files were stored on another floppy disc. This feature 
was incorporated to allow future researchers to store their 
data on their own individual floppy disc, prevent filling the 
disc during a data run, and allow easier data comparison with 


past research files. 
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BeOEGRATING PROCEDURES 
Each program contains itsS own instructions. The programs 
are loaded by the LOAD command. For example, to load the 
program to store the pumping coefficient data, the operator 
would type in LOAD "PCDSTORE" and press the ENDLINE key. After 
the program is loaded, the operator could press the LIST key 
to see what capabilities are present. The operator could Nave 
also pressed the RUN key if the capabilities were already known. 
Once the program is running, the operator just has to make basic 
decisions and answer simple questions. 
The programs are generally used in the following order and 
this sequence is strongly recommended: 
Eebos TORE Enters all of the header infor- 
mation/data for the pumping 
coefficients. It also converts 


COMB@natkven numbers to actual 
metering flow nozzle areas. 


MS DSTORE Enters data for the mixing stack 
pressure and flow rotation dis- 
tributions. 

VIDS TORE Enters data for the two velocity 


traverse profiles. 


DRPSMS Asks if mixing stack data and 
velocity traverse data are to be 
reduced, and it then runs for 
about 20 minutes reducing the data, 
placing the data into temporary 
files, printing about eight feet 
of output formatted for the thesis 
requirements, and includes up to 
Six mini-plots for immediate 
comparison. 


BATSTORE Reads all of the data for the par- 
SeEguldarerul . SOrES Out Che data 
needed for graphical comparison, 
and then permanently stores the 
comparison data. 


430 





Sener LOT 


TERPLOT 


MS DPLOT 


FeOPPLOT 


DP LOT 


FIGCOM 


INITIALIZE 


AUXPLOT 


Allows stored data retrieval or 
manual data input comparisons of 
secondary flow pumping coefficients 
with capability to add comments 
located by the same units used 

to graph the data. 


Identical to SECPLOT except it 
plots the tertlary pumping coef- 
ficient comparisons. 


Identical to SECPLOT except it 

plots the mixing stack pressure 
distributions in many different 
data combinations. 


same type program as MSDPLOT but 
plots the rotation angle distri- 
bucTene- 


Plots only stored velocity pro- 
file data which cannot be com- 
pared with other data since the 
velocities are not dimensionless. 
It does have the option to compare 
the horizontal and diagonal velo- 
city profiles, and allows comments 
to be added like the other programs. 


Allows adding figure or table num- 
bers to finished plots or tables, 
adding comments which may have 
been left out, and has the option 
of locating these inputs on the 
plots by manually entering X-Y 
coordinates in plotter units or 
by uSing the digitizing feature 
Stcne pletter. 


Initializes new floppy discs for 
data storage with properly dimen- 
Slonal memory allocations for the 
Six temporary input/output storage 
files. It has several safeguards 
to prevent accidental purging of 
valuable data. 


Plots the pumping coefficients by. 
nozzle tilt/rotation angles for 
the summary plots. It has only 
manual data entry capability but 
retains comment addition similar 
LOmeNe, GLNCL Programs - 


di 





The INITIALIZE program would only be used once per thesis 
as sufficient memory is available on one floppy disc to handle 
all the data that could be taken over a six month span. FIGCOM 
and AUXPLOT are used mainly after all of the plots have been 
analyzed and finished products and summaries are desired. 

For the inexperienced operator, a listing of programs can 
be obtained by typing in CAT and pressing ENDLINE with the 
program storage disc in the DRIVE 0 slot on the HP 82901M 
Flexible Disc Drive. Da€ata listings can be obtained by typing 
CAT" .DRIVE1.D701" and pressing ENDLINE with the data disc 
the DRIVE 1 slot on the dice drive. Further operating instruc- 


tions can be found in the various operating manuals. 


Ce DATA FILES 

Data files for this research period as stored on floppy 
disc Volume:DRIVE1 which is disc number two in the research 
manual. The information 1S stored by date-time-group and run 
number. For example, data for the pumping coefficients 
(secondary and tertiary) for the fourth data run on 26 August 
1981 would be stored as P2608814. To facilitate future com- 
parisons with the data derived during this research period, 
the data available and the file numbers are listed in the 
Summary of Tabulated Data which can be found in Tables 1.l, 


ieee and 1.3. 
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